Abstract The gene encoding the neuronal sortilin-related receptor SORL1 has been claimed to be associated with Alzheimer's disease (AD) by independent groups and across various human populations. We evaluated six genetic markers in SORL1 in a sample of 1,558 Swedish dementia cases (including 1,270 AD cases) and 2,179 controls. For both single-marker-based and haplotype-based analyses, we found no strong support for SORL1 as a dementia or AD risk-modifying gene in our sample in isolation nor did we observe association with AD/dementia-related traits, including cerebrospinal fluid β-amyloid 1-42 , tau levels, or age at onset. However, meta-analyses of markers in this study together with previously published studies on SORL1 encompassing in excess of 13,000 individuals does suggest significant association with AD (best odds ratio=1.097; 95% confidence interval=1.038-1.158, p=0.001). All six markers were significant in meta-analyses and it is notable that they occur in two distinct linkage disequilibrium blocks. These data are consistent with either allelic heterogeneity or the existence of as yet untested functional variants and these will be important considerations in further attempts to evaluate the importance of sequence variation in SORL1 with AD risk.
The gene encoding apolipoprotein E (APOE) remains the only firmly validated genetic risk factor for late-onset Alzheimer's disease (AD) [1] . One of the more controversial recently claimed candidate genes for Alzheimer is that encoding the neuronal sorting receptor SORL1 [2] . Replication efforts have resulted in a mixture of negative and positive findings with no present consensus [3] [4] [5] [6] [7] . In the present study, we sought to attempt replication of previous findings and have expanded our search for genetic association to include broadly defined dementia as well as AD risk. In addition, given the putative role of SORL1 in amyloid precursor protein processing, we also sought evidence of genetic association with cerebrospinal fluid (CSF) levels of β-amyloid .
Samples used in the present study were derived primarily from the population-based Swedish Twin Registry [8, 9] . An independent nontwin case-control Swedish AD sample was also included (described in detail in ref. [10] ). In total, DNA was available for 1,558 dementia cases and 2,179 controls (1,270 cases had a possible or probable AD diagnosis). There were 976 men and 1,203 women in the control group and 590 men and 968 women in the dementia group. The average (SD) age at sampling for controls was 77.7±8.7 years and age at onset for dementia/AD cases was 75.3±8.3 years. This study was approved by the local ethical review board at Karolinska Institutet.
Markers rs668387, rs689021, rs641120, rs2070045, rs1699102, rs3824968, and rs2282649 were selected for testing in the present study [2] . These were chosen since they include the previously reported most significant markers for AD association and are also the best represented in the literature to facilitate meta-analyses. Genotyping was performed using the Illumina GoldenGate assay system on Illumina BeadStation 500GX equipment, currently housed and implemented at the Uppsala University SNP Technology Platform. Prior to use on the Illumina system, all samples were subjected to wholegenome amplification using standard kits involving Phi29 DNA polymerase (Amersham). Genotyping failed for marker rs1699102.
CSF samples were obtained in the AD case-control study by lumbar puncture in the L3/L4 or L4/L5 interspace. Further details of CSF collection can be found elsewhere [11] . CSF Aβ42 was determined using a sandwich enzyme-linked immunosorbent assay (ELISA; Innotest b-amyloid (1-42), Innogenetics, Ghent, Belgium) constructed to specifically measure Aβ42 [12] . The microtubule-associated protein tau, a CSF marker of neuronal degeneration, was determined using a sandwich ELISA (Innotest hTAU-Ag, Innogenetics, Ghent, Belgium) constructed to measure total tau, i.e., all isoforms of tau irrespective of phosphorylation state [13] .
There was no evidence of deviation from the HardyWeinberg equilibrium for any marker. Tests of association between individual markers and both dementia and AD risk were performed using alternating logistic regression (ALR) to account for sibling pair dependencies, allowing both members of the pair to enter in the analyses while accounting for MZ and DZ pair correlation structures [14, 15] . Statistical analyses were performed in SAS 9.1 using the GENMOD procedure (SAS Institute, Raleigh, NC, USA). Haplotypes were estimated after linkage disequilibrium (LD) block definition in individual blocks using Haploview v4.1 [16] . Tests of genotypes versus quantitative traits (age at onset, CSF tau, and CSF Aβ42) were conducted using analysis of variance (ANOVA). Logistic regression was used to model potential interaction effects with APOE and gender. Meta-analyses were performed using the "meta"-command in Stata 10.0. Data were combined using both fixed effects and random effects models. Odds ratios (OR) presented for meta-analyses are allelic. Heterogeneity was assessed using a Q test.
Full case-control association results accounting for sibling structure and testing both the broadly defined dementia group and AD cases compared with nondemented controls are shown in Table 1 . With this study design, there was no evidence of association for any of the six tested markers. Notably, the effect of APOE (specifically marker rs429358) is easily detected in these samples (p=7.8× 10 −23 ). In Table 1 , we also show genotype counts when only possible or probable AD cases are tested where there was again no evidence of association. Haplotype-based tests also failed to provide evidence of genetic association (not shown).
All six markers were next tested for possible interaction with APOE e4 carrier status and gender, as well as differences that might be apparent between the twin and nontwin subsets of the samples. There was no evidence of interaction effects nor were the six tested markers significant in any of the strata (not shown).
We evaluated all six markers for possible effects on CSF levels of Aβ42 and tau, as well as age at onset for both dementia and AD cases. The results of CSF quantitative trait analyses are shown in Table 1 where again we saw no indication of significant effects. CSF trait analyses were performed in cases only. Worth noting is that APOE (rs429358) contributes strongly to variance in CSF Aβ42 in this same sample [17] . There was no evidence of an effect on AAO for any marker (not shown).
Meta-analyses were conducted by combining the data presented here for the AD population (excluding other forms of dementia) with data available on the Alzgene website (http://www.alzforum.org/res/com/gen/alzgene/), which covers published SORL1 studies to date [18] . Only populations of European ancestry were included. Fixed effects models and random effects models gave similar results for all genotypes. The results from the fixed effects models are given in Fig. 1 . The corresponding combined estimates as OR (95% confidence interval [95%CI]) based on random effects modeling were as follows for each genotype: rs2282649, 1.10 (1.04-1.17); rs3824968, 1.12 (1.02-1.22); rs2070045, 0.89 (0.82-0.97); rs641120, 0.93 (0.88-0.99); rs689021, 0.93 (0.87-0.99); rs668387, 0.93 (0.88-0.99). Significant heterogeneity was found for rs3824968 (p=0.01). The combined effects from all six markers were significant (Fig. 1b) . For the most significant finding, the combined effect size for rs2282649 was OR= 1.107 (95%CI=1.049-1.168) in all previous studies and the result from our individual study was OR=1.099 (95%CI= 0.989-1.221). The current meta-analysis with updated available information gave an effect size estimate for this marker of OR=1.097 (95%CI=1.038-1.158, p=0.001). As this was the best evidence across the markers studied here, we present the results of the analysis in Fig. 1a . Of note, these six markers occur in two separate LD blocks with an LD between the two most significant markers in each of the blocks (rs2282649 and rs668387) of around r 2 =0.005. Focusing on rs2282649, we also tested our sample together with previous studies, but excluding the original Rogaeva data sets. The result of this analysis was also significant (OR=1.077, 95%CI=1.010-1.149, p=0.023).
We noted from a recent genome-wide association study on gene expression in lymphoblast cell lines that sequence variants upstream of the SORL1 promoter were strongly associated with SORL1 transcript levels [19] . We sought replication of that result by examining a genome-wide association study of gene expression in the human brain [20] . One of the markers that was highly significant for SORL1 expression in lymphoblasts, rs891437, was also present in the brain study, but was not significant (p=0.41). This same marker was also present in the genome-wide Genotype counts are shown for dementia and AD alone. OR (95%CI) and significances for case-control association in dementia and AD were determined using ALR to account for sibling structure (as described in the main text). Significance for quantitative traits (number of individuals) was performed using ANOVA in unrelated individuals study included here for meta-analyses [21] (see Fig. 1 ), but was not significantly associated with AD risk (p=0.96). In summary, while we have been unable to validate the genetic association of SORL1 with AD in our sample in isolation as previously reported [2] , we cannot discount the existence of functional polymorphism in SORL1 that may contribute to AD risk, since meta-analysis suggests a genetic effect. In considering emergent genome-wide association studies, simple power estimates based upon a predicted risk effect of OR∼1.1 and minor allele frequency of ∼0.3 suggest that sample sizes on the order of 40,000 cases and controls may be required to provide more convincing evidence of association (i.e., survive multiple testing in a genome-wide context). The most significant findings to date were made in the original study by Rogaeva et al. [2] and follow on work has successively reduced the predicted effect size estimate(s), making further large-scale studies all the more important. Since markers in each of the two represented LD blocks here show association in meta-analyses, data are consistent with either allelic heterogeneity or the existence of as yet untested sequence variants with greater effect size.
